We investigated the structural changes in the left lung of five adult male foxhounds 5 mo (n = 2) or 16 mo (n = 3) after right pneumonectomy (approximately 54% of lung resected) and five sex-and age-matched foxhounds 15-16 mo after right thoracotomy without pneumonectomy. Lungs were fixed by intratracheal instillation of glutaraldehyde and analyzed by standard morphometric techniques. After right pneumonectomy, volume of the left lung increased by 72%. Volumes of all septal structures increased significantly and were more pronounced at 5 than at 16 mo after pneumonectomy. At 16 mo, the relative increases in volume with respect to the control left lung were as follows: epithelium 73%, interstitium 100%, endothelium 55%, and capillary blood volume 43%. Surface areas of alveoli and capillary increased significantly by 52% and 34%, respectively. At 5 mo after pneumonectomy, harmonic mean thickness of the tissue-plasma barrier was significantly greater but at 16 mo it was not different from controls. There was a significant increase in diffusing capacity for oxygen (33% above controls) at 16 mo after pneumonectomy. These data suggest that, in contrast to previous findings after left pneumonectomy, compensatory lung growth does occur in adult dogs after resection of > 50% of lung.
Introduction
It is generally believed that postpneumonectomy compensatory lung growth occurs in immature dogs but not in fully mature dogs (1) (2) (3) . In adult dogs, postpneumonectomy compensation is largely attributed to use of existing functional reserves in the remaining lung. These reports were based on findings in adult dogs after left pneumonectomy, equivalent to the removal of 42% of the lung. Our group has shown in adult foxhounds at -2 yr after left pneumonectomy (3) that there was no significant increase in tissue volume of the remaining right lung compared with the right lung of normal dogs. However, there were marked changes in the existing structures of the remaining lung, including hyperinflation, enlargement of the alveolar spaces, and thinning of the alveolar-capillary membrane. These structural changes were associated with a remarkable degree of functional compensation (4) (5) (6) ; no significant reduction in exercise capacity was found 1 yr after left pneumonectomy compared with before. We expected that if the larger right lung is resected, functional reserves in the remaining lung would be smaller, and exercise limitation would become more apparent. Thus we performed a series of studies in adult foxhounds after right pneumonectomy and compared the results with those in matched sham-operated controls. To our surprise, we found that after right pneumonectomy, maximal oxygen uptake was only mildly reduced (by 14%) (7) ; at a given exercise work load, alveolar-arterial oxygen tension gradient and mean pulmonary artery pressure at heavy exercise were lower than in dogs after left pneumonectomy (8) . Thus the relative functional compensation, per unit of lung removed, was greater after right than after left pneumonectomy. These physiological data suggest that different sources of compensation may be involved after right pneumonectomy than after left pneumonectomy. In this paper we report the morphometric measurements performed on the remaining lung of these same dogs; our results demonstrate that structural adaptation is quantitatively and qualitatively different after right than after left pneumonectomy. Following the removal of the larger right lung, compensatory lung growth can occur even in adult dogs.
Methods
Animals. Surgical procedures have been described previously (4) . 10 adult male pure bred foxhounds (2) (3) (4) yr of age at entry, 22-28 kg) completed the study. Under general anesthesia, five dogs underwent right pneumonectomy through the right lateral 5th intercostal space (PNX' group); the other five dogs underwent right thoracotomy in the same fashion without pneumonectomy (SHAM group). Bilateral carotid artery loops were constructed. The dogs were trained to run freely on a motorized treadmill before surgery, and except for the immediate postoperative period, were kept exercise trained throughout the duration of the study. Two dogs from the pneumonectomy group died during the course of the study and were later replaced by two additional dogs. These two latter dogs had left ventricular catheters inserted at the time of pneumonectomy instead of bilateral carotid artery loops. Physiologic measurements of cardiopulmonary function at work loads up to maximal exercise are reported elsewhere (7) (8) (9) (10) . Animals were killed at about 5 mo (n = 2) or 16 mo (n = 3) after surgery in the pneumonectomy group, and at 16 mo (n = 5) after surgery in the SHAM group. All protocols were approved by the Institutional Review Board for Animal Research.
Lungfixation. The animal was deeply anesthetized with pentobarbital (25 mg/kg i.v.), intubated via a tracheostomy, and placed in the supine position. The abdomen was opened through a midline incision and a small rent made in the diaphragm to collapse the right lung. An overdose of pentobarbital was given and the lung immediately reinflated within the intact thorax by the intratracheal instillation of 2.5% glutaraldehyde buffered with potassium phosphate to a pH 7.40 and an osmolarity 350 mosM at a constant hydrostatic pressure of 25 cmH2O above the highest point of the sternum. After the flow of fixatives into the lung had stopped, the endotracheal tube was tightly clamped. After 60 min of fixation in situ, the thorax was opened; the lung and heart were removed en bloc and completely submerged in 2.5% buffered glutaraldehyde.
Sampling procedures. The previously established four-level stratified sampling scheme (11) was employed: (level I) gross, (level II) low power light microscopic, (level III) high power light microscopic, and (level IV) electron microscopic analysis. The left and right lungs were each divided into an upper and a lower stratum. The right upper stratum consisted of the upper and middle lobes, the right lower stratum consisted of the lower and cardiac lobes. The left upper stratum consisted of the upper and lingular lobes which were sometimes incompletely separated; the left lower stratum consisted of the lower lobe. Each stratum was exhaustively sliced at 2-cm intervals. Each slice was photographed using 35 mm Ektachrome color film for estimating lung volume and for estimating the volume density of coarse parenchyma in lung, Vv(cp, L), by quantifying all structures measuring > 1 mm (level I). Tissue blocks were taken from each stratum by a systematic, volumeweighted sampling procedure ( 11) . For the SHAM group, 2 blocks per stratum were taken for light microscopy (total of 8 blocks per dogs); and 4 blocks per stratum were taken for electron microscopy (total of 16 blocks per dog). For the pneumonectomy dogs, 3 blocks per stratum were taken for light microscopy (total of 6 blocks per dog); and 6 blocks per stratum were taken for electron microscopy (total of 12 blocks per dog). Samples from each block were embedded in methacrylate for thick sections (5 pm) and stained with hematoxylin and eosin to estimate the volume density of fine-parenchyma in coarse parenchyma, Vv(fp, cp), by quantifying all structures measuring between 20 tm and 1 mm (level II, x200). Additional samples from each block were embedded in Epon. These were used for preparation of semithin sections (1 kim) to estimate the volume density of alveolar septa in fine parenchyma under light microscopy, Vv(s, fp), by quantifying structures measuring < 20 Mm (level III, X400), and to estimate volume and surface densities of alveolar structures within the septum, e.g., capillaries Vv(c, s), alveoli Vv (a, s), as well as harmonic mean thickness of the tissue-plasma diffusion barrier by electron microscopy (level IV, about x 11,000). Details of these methods have been reported elsewhere ( 11 ) . Morphometric analysis. Using slides of the lung slices (level I), the volume of each stratum was estimated by the Cavalieri principle (12) . Volume density of alveolar structures were determined by point counting and surface density of alveoli and capillaries by intersection counting. Under light microscopy (levels II and III), sufficient number of fields were examined to yield a total of 300-400 counted points or intersections per structure per stratum. For electron microscopy (level IV), the number of micrographs examined were 32 per stratum per dog for the SHAM group and 64 per stratum per dog for the PNX group. All morphometric data were calculated for each stratum separately; a volume-weighted average for the entire lung was then calculated. Absolute volume and surface area of individual alveolar structures were obtained by relating the respective volume and surface densities at each level back through the cascade of levels to the measured volume of the stratum (11) . Morphometric diffusing capacity for 02 (DLO2). DLO2 was estimated by a modified version (13) of the previously established morphometric model (11, 14) . The model describes the gas diffusion path from alveolar air to the binding sites on hemoglobin as two serially linked conductance steps through the tissue and plasma barrier (Dbo2) and the erythrocyte (Deo2): DLoj ' = Dboj ' + Deoj' (1) where Dbo = Kbo0 (Sa + S.) (2) (21=hb) Sa and S, are the measured total alveolar and capillary surface area, and V. the measured total capillary blood volume. Thb is the harmonic mean thickness of the combined tissue and plasma barrier. Kb02 is the Krogh diffusion coefficient for 02 in tissue and plasma taken from literature (15) . The estimate of Thb is normally distributed and since only the distances of random intercepts crossing both alveolar-capillary membrane and red cell membrane are measured, Db02 in effect is an estimate of the conductance to 02 of that portion of the alveolar-capillary membrane in proximity to red cells. A detailed explanation of this modified model is presented elsewhere (13) . 002 is the reaction rate of whole blood with 02 [in ml (ml mmHg s) -]. We employed the same equation for calculating Oo, as used previously (15) in normal dogs,
where KC(60%) is the red cell reaction velocity at 60% saturation. The value of K'(60%) = 440 mM-' s-' is measured by the stop-flow technique and corrected for the effect of the unstirred layer of plasma surrounding the red cell ( 16) . f( T) is the temperature factor derived from the Arrhenius equation that corrects Kc from the standard 370C to the core temperature measured at peak exercise workload. a02 is the solubility of 02 at the core temperature during peak exercise workload. So2 is the initial fractional saturation of 02- [Hb] is the hemoglobin concentration in grams per deciliter of blood measured at heavy exercise.
Data analysis. Results were expressed as either mean±range or mean±SEM. Data from the PNX dogs at 6 and 15 mo were analyzed separately. Volume and surface densities in the remaining lung of PNX animals were compared with those in the left lung of SHAM animals by one factor analysis of variance using STATVIEW (v.4.0). Absolute volumes, surface areas and diffusing capacities were compared to those in the left lung and both lungs of SHAM animals. Differences among groups at a P value of less than 0.05 were considered significant. Table I shows that there was no difference in body weight among groups. The right lung in the SHAM group constituted 54.2+1.0% (mean±SEM) of total lung volume. Volumes of the left lung were similar at 5 and 16 mo after pneumonectomy and increased by 72% compared with controls. Total lung volume was not different between the two pneumonectomy groups but was significantly lower than that of both lungs in the SHAM group. Morphometric hematocrit was significantly lower in the dogs 5 mo after pneumonectomy but normal in the group 16 mo after pneumonectomy. As a result, 002 was lower at 5 mo after pneumonectomy. The septum was thicker than normal at 5 but not at 16 mo after pneumonectomy. Harmonic mean thickness of the combined tissue-plasma barrier was significantly elevated at 5 mo but decreased to normal by 16 mo after pneumonectomy.
Results
Volume densities in the left lung are shown in Table II . Volume density of fine parenchyma in lung was lower 5 mo after pneumonectomy than in controls. Volume densities of tissue components within the septum were increased at 5 mo after pneumonectomy but was similar to controls by 16 mo after pneumonectomy. Volume density of capillaries within the septum was lower than normal at 5 mo but increased significantly by 16 mo after pneumonectomy. Surface-to-volume ratios of alveoli, Sv(a, s), and capillaries, Sv(c, s), within the septum are also shown in Table II ; both indices were lower than controls at 5 mo but similar to controls by 16 mo after pneumonectomy. Sv(c, s) also increased between 5 and 16 mo after pneumonectomy. The average ratio of alveolar surface area to lung volume, Sv(a, L), was slightly lower in PNX dogs but the difference did not achieve statistical significance. Qualitative appearance of the lung under light microscopy is illustrated in Fig. 1 . At 5 mo after right pneumonectomy ( Fig.  1 b) , the septum was appreciably thicker than in the SHAM animals ( Fig. 1 a) . At 16 mo after right pneumonectomy ( Fig.  1 c) , the alveolar spaces and mean septal thickness were normal. The alveolar enlargement previously reported in adult dogs after left pneumonectomy (3) was less evident in dogs after right pneumonectomy, either at 5 or 16 mo.
Absolute volumes of all septal structures of the left lung increased significantly at both time points after pneumonectomy (Table II ) compared with SHAM animals; the increases were consistently greater at 5 than at 16 mo. By 16 mo after pneumonectomy, total septal volume increased by 59%, septal tissue volume by 81%, and capillary blood volume by 43% over control values in the left lung. Volumes of both type I and type II epithelium increased; total epithelial cell volume increased by 73%. Volume of interstitium increased by 100% and volume of endothelium increased by 55%. Alveolar surface area increased by 52% and capillary surface area increased by 34%. There was a slight but statistically insignificant increase in alve-olar and capillary surface areas between S and 16 mo after pneumonectomy.
The components of DLo2 are shown in Table IV . At 5 mo after pneumonectomy, Deo2, Dbo2 and DLo, were not different from controls. By 16 mo after pneumonectomy, Dec2 and DLM2 had increased significantly (52% and 33%, respectively). DbM2 was also higher (25%) than normal, but the difference did not achieve statistical significance.
Discussion
Summary of results. In these dogs, right pneumonectomy was equivalent to the resection of 54.2% of lung. At 5 mo after right pneumonectomy, structural changes in the remaining lung were marked by thickening of the septum as well as hypertrophy and/or hyperplasia of the septal tissue compartments. At 16 mo after right pneumonectomy, structural changes were marked by a normal septal thickness, largely normal volume and surface densities of alveolar compartments, less pronounced but persistently significant increases in absolute volumes of septal struc- tures as well as progressively higher total surface areas of alveoli and capillaries compared with the group 5 mo after pneumonectomy. Compensation in lung volume was significant but incomplete at both time points. The ratio of alveolar surface area to volume was similar in all groups, indicating that the increase in lung volume was associated with an increased complexity of the septa. In dogs 5 mo after pneumonectomy, the greater septal tissue thickness and lower hematocrit led to a greater diffusion resistance for oxygen across the tissue-plasma barrier and prevented a significant increase in DLO2. In dogs 16 mo after pneumonectomy, septal tissue thickness and hematocrit were normal and DLO2 was significantly higher. These results suggest a vigorous and sustained cellular response to right pneumonectomy that is marked by initial tissue proliferation followed by structural remodeling. These structural changes follow a time course more protracted than previously recognized; eventually they result in a significant compensatory increase in gas exchange capacity of the remaining lung. The structural re- sponse after right pneumonectomy is distinct from that seen in adult dogs after left pneumonectomy (3) and consistent with physiologic comparisons of gas exchange and hemodynamics at heavy exercise between left and right pneumonectomy (8) . Critique ofmethods. We found the average partition of total lung volume in the normal adult foxhound to be 45.8% on the left side and 54.2% on the right side. These estimates differ slightly from previous reports (42% on the left side and 58% on the right), which were based on dogs of unspecified breed (17) (18) (19) . For the sake of detail and clarity, we separated the postpneumonectomy data at 5 and 16 mo. However, our conclusions would not be altered whether these data were analyzed separately or together. The results within each group are tight, so that statistically significant differences in key variables were achieved with a relatively small number of animals. The primary morphometric results in the present SHAM animals are generally in agreement with those previously reported in three normal mongrel dogs (15) ; the latter were used as control data in our previous paper addressing the structural changes after left pneumonectomy (3) . Volume and surface densities of alveolar structures between these two studies agree closely (within 3%); total surface areas of alveoli and septum agree to within 4%. However, methodological differences preclude direct comparison of other measurements. In the previous studies, lung volume was estimated by water displacement; in the present study it was estimated by the Cavalieri principle, which gives a slightly lower value. Consequently the absolute volumes of septum, tissue and capillary (per kg of body wt) are 10% to 15% lower in the present study. Membrane diffusing capacity in this study was estimated using a recent modification of the original model proposed by Weibel; the revised model yields an estimate of DLO2 -20% lower than the original model (13) .
Comparison ofphysiologic compensation after left and right pneumonectomy in adult dogs. Previous studies have suggested that the potential for postpneumonectomy compensatory lung growth is limited in fully mature dogs. Davies et al. (2) found no significant increase in septal tissue volume or number of alveoli in the remaining lung of adult dogs 5 yr after left pneumonectomy compared with the right lung of unoperated controls. A more recent report from our laboratory (3) also found no evidence of compensatory structural lung growth in adult foxhounds 2 yr after left pneumonectomy. Functional compensation for gas exchange in these dogs arose from adjustment of existing structures in the remaining lung including an increased capillary blood volume, enlargement of alveolar air spaces, and thinning of the alveolar-capillary membrane barrier, which in turn led to a modest increase in the surface area for diffusion and a reduction in the resistance of the membrane to diffusion.
These "passive" structural changes, coupled with an enhanced exercise-induced polycythemic response and augmented pulmonary capillary recruitment, were sufficient to meet the functional demand; consequently exercise performance was not appreciably impaired by left pneumonectomy even in the face of an apparent diffusion limitation at heavy exercise (4).
Since the left lung is smaller than the right (by 17-38%), we hypothesized that after removal of the larger right lung, physiologic reserves in the remaining lung would be diminished and nonstructural adaptation may not be sufficient to meet the demands of heavy exercise. Indeed, exercise capacity was limited early (2 mo) after right pneumonectomy; ventilation-perfusion distribution was abnormal, pulmonary artery pressure was elevated and the recruitment of diffusing capacity for 02 was impaired, resulting in severe arterial 02 desaturation upon moderate exercise (8) . However, by 12 mo after right pneumonectomy, there had been significant improvements in all these parameters such that exercise performance was relatively well preserved compared with age-and sex-matched sham-operated controls (8) . Studied by the same techniques, alveolar-arterial oxygen tension gradient and mean pulmonary artery pressure at a given level of oxygen uptake were significantly lower 10-12 mo after right than after left pneumonectomy. In addition, physiologic measurements of lung diffusing capacity for carbon monoxide (DLco) in these dogs during heavy exercise obtained by a rebreathing technique show that DLco at a given pulmonary blood flow is significantly higher after right than after left pneumonectomy (9) . Therefore, the relative magnitude of functional compensation, per fraction of lung removed, was actually greater after right than after left pneumonectomy. This observation was unexpected, suggesting that additional sources of compensation were elicited after resection of the larger right lung that were not elicited after left pneumonectomy.
Tissue response to right pneumonectomy in adult dogs. The present morphometric results demonstrate that structural adaptation after right pneumonectomy is qualitatively and quantitatively different from that after left pneumonectomy and may vary in intensity with time after pneumonectomy. The consistent and global increase in volumes of septal structures at two time points after pneumonectomy supports a tissue "growth" response to right pneumonectomy. This increase is significant whether we analyzed the 5 and 16 mo postpneumonectomy data separately or together. At both times points, the increase in alveolar surface area was greater than that expected from the increase in tissue volume alone, suggesting the addition or increased complexity of alveolar septa. Whether this tissue response is due to cellular hyperplasia or hypertrophy cannot be answered from the present data. Volumes of all tissue compartments, particularly the interstitium, were higher at 5 than at 16 mo after pneumonectomy, consistent with heightened but transient cellular and extracellular metabolic activities during the first few months after pneumonectomy. Hypertrophic type II pneumocytes have been identified in rats after pneumonectomy (20) . Since a balanced cell growth has been reported in rats after pneumonectomy (21) , we might expect similar hypertrophic and proliferative changes in other parenchymal and nonparenchymal cells. There may be accumulation of fibroblasts, collagen, elastin, or other connective tissue elements, as well as margination of migratory cells in response to local or humoral factors released after pneumonectomy. In general, reparative lung growth involves initial accelerated hypertrophic or hyperplastic activities followed by structural remodeling (22) . Early transient thickening of the alveolar septum and heightened metabolic activities of connective tissue have been reported in postpneumonectomy rats (23) (24) (25) (26) , but the time course of such changes has not been characterized in larger animals. One cannot rule out the possibility that reversible mild interstitial pulmonary edema developed initially after pneumonectomy; alternatively, an increased volume of the interstitial compartment may reflect impaired lymphatic drainage after pneumonectomy. Little information is presently available on adaptation of the lymphatic system to lung resection. Doerschuk and Sekhon (27) found in postpneumonectomy rats that the increase in interstitial fluid cannot account for the increased weight of the remaining lung. In our case, edema alone is unlikely to explain the persistently elevated tissue volumes at 16 mo after pneumonectomy when septal thickness had returned to normal.
Compensation in diffusing capacity for 02. The lack of a significant compensatory increase in morphometric DLo2 or its components at 5 mo after pneumonectomy is related to a lower hematocrit and a greater harmonic mean thickness of the tissueplasma barrier. Both factors increase the mean diffusion path of oxygen. In our previously reported dogs after left pneumonectomy, morphometric hematocrit was also lower than normal (3). This relative anemia is most likely related to the presence of indwelling cardiac catheters. In addition, a lower hematocrit leads to a lower estimate of Oo2 according to Eq. 4 and, when combined with a slightly smaller increase in capillary blood volume, results in a lower Deo2 and DLO2 at 5 mo after pneumonectomy than expected from estimates of structural changes alone.
In the three dogs 16 mo after right pneumonectomy, there was a significant compensatory increase in DL02, associated with increases in 02 conductance of both the erythrocyte and membrane-plasma components, although only the former reached statistical significance. Pulmonary capillary blood volume also increased above that in the corresponding lung of control animals. These morphometric changes are consistent with physiologic measurements of DL,0, diffusing capacity of the membrane, as well as capillary blood volume at heavy exercise in these dogs after right pneumonectomy (9) . The magnitude of postpneumonectomy compensation in DL02 estimated by morphometry (33% above the corresponding control lung) is similar to that reported previously in dogs after left pneumonectomy (3), but the sources of compensation are different. In the present dogs, enlargement of alveolar air spaces after pneumonectomy was not prominent. Alveolar and capillary surface areas were significantly increased; mean thickness of the diffusion barrier was not reduced. The increase in DLq, was entirely due to increases in capillary blood volume and the amount of gas exchange tissue. There is a good correlation between physiologic and morphometric estimates of diffusing capacity; in the group after right pneumonectomy, the relative reduction of morphometric DLO, (36% below both lungs of control animals) is similar to the relative reduction of physiologic DLco (31%) measured at peak exercise in the same animals (9) .
In summary, these morphometric results confirm our interpretation of previous physiological observations (7, 8) and demonstrate for the first time that the adult dog lung is capable of postpneumonectomy compensatory growth, but this tissue response requires a stronger stimulus, i.e., the resection of > 50% of lung, than in immature animals. Why the response to left and right pneumonectomy should be different is an intriguing question that we cannot fully explain. What is called "adaptive response" after lung resection has two phases: (a) enlargement of the lung and alveolar air spaces to fill the chest cavity; and (b) tissue and capillary proliferation which adds septa to the enlarged air spaces. The latter proliferative response is further marked by initial cell hypertrophy and division followed by structural remodeling that eventually return the volume and surface densities of alveolar structures to normal. Alveolar enlargement would be apparent only if (a) is not followed by (b). It appears that the response to left pneumonectomy is limited to (a) whereas (b) occurs after the more extensive right pneumonectomy. Presumably the intensity of adaptive response needs to be greater after right than left pneumonectomy. The initiation of tissue growth response in the adult dog may require a higher threshold of stimulation (e.g., a greater alveolar-capillary stretch, higher pulmonary blood flow, or larger concentration of humoral or local stimulant substances) than in the immature dog, and may not be induced until other physiologic sources of adaptation prove inadequate for functional compensation. Ultimate structural compensation is incomplete as the absolute volume and surface area of alveolar tissue components remain significantly below normal (i.e., 70-80% of corresponding values in both lungs of controls); capillary volume and surface area also remain reduced at 65-70% of normal. These longterm structural changes after right pneumonectomy are associated with a significant, albeit incomplete compensation in diffusing capacity of the remaining lung for oxygen.
